Abstract. Lagrangian drifters are a practical way to measure natural flow features in surface channels. In this study, small cylindrical drifters (length 12 cm, diameter 4 cm) were deployed in a supraglacial channel. Each drifter recorded the total water pressure, linear acceleration, magnetic field strength and rate of rotation at 100 Hz. Based on an ensemble analysis of repeated field deployments (n = 55), it was found that the pressure sensors consistently delivered the most accurate data, where values remained within ±0.11% of the total pressure time-averaged mean (95% confidence interval). Magnetometer 5 readings also exhibited low variability across deployments, maintaining readings within ±2.45% of the time-averaged mean of the magnetometer magnitude. Linear acceleration measurements were found to have substantially larger 95% confidence intervals, spanning ±34.4% from the time-averaged mean magnitudes. Furthermore, the drifter speed along the supraglacial channel was estimated by integrating the linear acceleration, providing a 95% confidence interval of ±24.5% of the timeaveraged mean magnitude. The major contribution of this work is to provide a statistical assessment of multimodal drifters, 10 repeatedly deployed in a 450 m long supraglacial channel reach, with a focus on developing a repeatable field measurement methodology including uncertainty. The results of this work show that multimodal drifters are capable of highly repeatable field measurements in supraglacial channels.
). Surface water is thereby able to enter the subglacial system through moulins, cracks, crevasses and cut-and-closure systems ). Ice-walled drainage systems have highly variable geometry, controlled by the counteracting mechanisms of melt enlargement due to dissipation of potential energy and creep-closure of the viscous ice (Röthlisberger, 1972) . Therefore, the capacity of the glacial drainage system adjusts to variable supply by melt water from the surface (Schoof, 2010; Bartholomew et al., 2012) .
Step-pool se-5 quences are formed as a series of geometric adjustments (e.g. Vatne and Irvine-Fynn, 2016) and represent up to 90% of the total flow resistance of a stream (Curran and Wohl, 2003) , leading to an important role of channel pattern and morphology on flow resistance and water velocity (Germain and Moorman, 2016) . Water velocity was also shown to control the incision rates in ice-walled channels in conjunction with water temperature and the rate of heat loss at the channel boundaries (Lock, 1990; Isenko et al., 2005; Jarosch and Gudmundsson, 2012) . Despite these advances, major knowledge gaps remain. Largely 10 unknown are the mechanisms behind how water is routed from the glacier surface to the bed. The role of subglacial water on glacier dynamics therefore requires new methods for the direct measurements of the subglacial environment including the water temperature, the velocities as well as the pressures and the flow path morphology along multiple flow paths.
However useful, direct measurements are scarce and difficult to obtain. This is largely due to the limited accessibility of the 15 subglacial environment which is governed by high pressures (Iken and Bindschadler, 1986; Rada and Schoof, 2018) , high sedimentation rates (Walder and Fowler, 1994) , abrasion (Haldorsen, 1981) and turbulent water flow (Kor et al., 1991) . Beginning in the early 2000s, new technologies have emerged (presented in more detail in Table 1 ), which open new, promising pathways towards an improved understanding of subglacial hydrology (e.g. Martinez et al., 2004; Hart et al., 2006; Rose et al., 2009; Hart et al., 2011a; Smeets et al., 2012; Bagshaw et al., 2012 Bagshaw et al., , 2014 Hart et al., 2015; Bagshaw et al., 2018; Hart et al., 2019) . 20 Current methods for in-situ tests include dye tracing (e.g. Seaberg et al., 1988; Willis et al., 1990; Fountain, 1993; Nienow et al., 1998; Hasnain et al., 2001; Schuler and Fischer, 2009) , salt injection gauging (e.g. Willis et al., 2012) geophysical methods (e.g. Diez et al., 2019) , and direct observations are available from borehole instrumentation (e.g. Iken and Bindschadler, 1986; Engelhardt et al., 1990; Hubbard et al., 1995; Stone and Clarke, 1996) . There are also encouraging attempts to deploy sensors in moulins (Iken, 1972; Vieli et al., 2004) . Direct access of the glacier base has been exploited to collect measurements 25 at the subglacial laboratory in Engabreen, Norway (e.g. Cohen et al., 2006; Iverson et al., 2007) as well as at the Argentière glacier in the French Alps (e.g. Vivian and Bocquet, 1973; Goodman et al., 1979; Hantz and Lliboutry, 1983) .
Most of the recent developments in sensors in glacial hydrology (see Table 1 for a detailed overview) have been focused on devices which can perform borehole measurements which can be transferred wirelessly through the ice (e.g. Martinez et al., 30 2004; Hart et al., 2006; Rose et al., 2009; Smeets et al., 2012; Hart et al., 2019) . The major limitations of fixed position observations is that they have to be deployed via borehole, decreasing the chances to enter a subglacial system, and that boring requires a high deployment cost. This has motivated the development of Lagrangian sensors which move with the changing environment, thus providing a wider range of observational data at a substantially lower deployment cost. Drifters are small devices which passively follow the water flow and are commonly used in large-scale surface flow studies and are able to pro-vide information about their position and speed (Landon et al., 2014) . Depending on their sensor payload, drifters can be used for a wide range of applications, including coastal and ocean surface current monitoring (Boydstun et al., 2015; Jaffe et al., 2017) , to estimate river bathymetry and surface velocities (Landon et al., 2014; Almeida et al., 2017) and to collect imagery for underwater photogrammetry (Boydstun et al., 2015) .
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The use of sensing drifters in glaciology has been previously reported, most notably the Moulin Explorer by Behar et al. (2009) , which was unfortunately lost during its first deployment, and the development was afterwards discontinued. A successful glacial drifter was the E-tracer, as reported by Bagshaw et al. (2012) . The device was the size of a table tennis ball and included a radio transmitter capable of transmitting through the subglacial environment on the margin of Leverett Glacier in Greenland, reemerging at the glacier portal (Bagshaw et al., 2012) . These encouraging results lead to a second generation of 10 E-tracers equipped with a pressure sensor, and successfully transmitted pressure data from subglacial channels through 100 meters of overlying ice after having been deployed in crevasses and moulins (Bagshaw et al., 2014) . The published data remains however sparse and limited to a single mean pressure plot in Bagshaw et al. (2014) . As with all new field measurement technologies, the repeatability of in-situ measurements is often very challenging to determine. Encouraged by the previous drifter studies from Bagshaw et al. (2012) and Bagshaw et al. (2014) with a single pressure sensor, the present study explores 15 the potential of multi-modal sensing drifters to extract data along the flow path of glacier channels. The focus of this work is to assess the repeatability of Lagrangian drifter measurement data, with a specific focus on glacial hydrology. Current methods, such as dye tracing, allow for the repeatable measurement of the flow velocities averaged over the duration of a passage. However, it is impossible to deconvolve these records to obtain spatially and temporally distributed information. The present study assesses the potential of sensing drifters to acquire spatial and temporal variation of the velocity along a flow path. Further-20 more, the multi-modal sensor data are investigated for potential time series features that may be associated with geometrical features of the supraglacial channel. The experiments are achieved by using a submersible multi-modal drifter platform measuring at 100 Hz. The small, low-cost (500 EUR) platform records total water pressures, linear acceleration, rotation rates and the magnetic field strength via repeated deployments along a section of supraglacial meltwater channel (n = 55). The general applicability of the multi-modal drifter is field-tested, and the repeatability of each of the sensor time series is determined.
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Finally, we investigate the potential of the proposed multi-modal drifter to measure the surface transport velocity along a supraglacial channel flow path, and critically assess the device's performance for glaciological applications. As the sensing drifters used here are for the first time employed in a glacial environment, our study aims at characterizing sensor performance and suitability, rather than already coming up with detailed glaciological data interpretations. 
Methods

Multi-modal drifter
The drifter platform used in this study has a housing consisting of two POM plastic end caps and a 4 cm outer diameter polycarbonate plastic tube, with a total length of 12 cm, and mass of 143 g. Neutral buoyancy of the drifter is achieved by manually adjusting the length of the sensor by screwing the flat end cap inwards or outwards to modify the total volume. Balloons All drifter units are equipped with an atmospheric auto-calibration algorithm. Once the devices have been activated using a magnetic switch, data from each pressure transducer is logged for 15 seconds. The atmospheric pressure, including the sensor-15 specific offset, is recorded internally. Afterwards, all three transducers are set to a default value of 100 kPa at local atmosphere.
All sensors are therefore auto-calibrated to local changes in atmospheric pressure, which occur during the day, directly before each field deployment. This feature removes the necessity of manually correcting pressure sensor readings. The drifter units lieu of a single pressure sensor. The middle pressure sensor was however not used in this study due to the lower sensitivity and range of pressures experienced during channel passage. All following work will therefore only refer to the two lateral (left Euler angle
Magnet. Z and right) pressure sensors. In addition to the three pressure transducers, the drifter platform also contains a digital 9 degree of freedom (DOF) inertial measurement unit (IMU) (BNO055, Bosch Sensortec, Germany) integrating linear accelerometer, gyroscope and magnetometer sensors. The device uses proprietary (Bosch Sensortec) sensor fusion algorithms to combine the linear accelerometer, gyroscope and magnetometer readings into the body-oriented Euler angles to provide real-time absolute orientation at 100 Hz. These IMU sensors were chosen as they represent the current state-of-the-art in IMU technology. Ad-5 ditionally, they have the further benefit that the real-time calibration status of each of the three sensors is recorded (0, lowest to 3, highest) as part of each data set in order to provide quality control information for all IMU measurement data. When running in sensor fusion mode, all variables are saved at 100 Hz, with the exception of the magnetometer, which is recorded at a maximum rate of 20 Hz. Vibration and destructive testing of the IMU have additionally been conducted up to 3000 times the gravitational acceleration, thus showing that the drifter platform is suitable for deployment under harsh conditions.
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The IMUs were configured to read out more data in addition to the dynamic linear acceleration (body acceleration due to external forcing only, gravity vector removed) and rate of angular rotation (rate gyro), relative to the x-, y-and z-axes of the sensor, as shown in Figure 1 . The additional data include the real-time calculation of the drifter body-orientation (3D Euler angles relative to x-, y-, and z-axes and the angles as Quaternions) as well as the 3D magnetic field vector. The orientation
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of the vector measurements of the magnetometer readings correspond to the axes of the sensor which are identical to the accelerometer and rate gyro axes. All drifter sensor data is saved as a 27 column ASCII text file with the structure listed in Table 2 . The text files were transferred from the drifters via Wifi to a field computer after drifter recovery from the stream. 
Study site
Fieldwork for this study was conducted between 04.08 and 07.08.2018 on the small valley glacier Foxfonna, located on the main island of the Norwegian Arctic archipelago Svalbard. The cold-based, roughly 2.9 kilometers long glacier is located on a northwest-facing slope between 330 and 750 meters elevation above sea level at the end of the Adventdalen valley, next to the main settlement at Longyearbyen. The glacier has a network of supraglacial channels developing on the surface of the glacier 
Field Deployments
Two different experiments were conducted on the glacier surface. The first experiment tested the general feasibility of the drifters to travel through an englacial/subglacial system and to be successfully recovered. The first experiment involved deploying five wooden drifter surrogates identical in size to our multi-modal drifters in a 2.5 km long supraglacial, partly englacial channel. The channel on the eastern side of the glacier had several well-developed step-pool sequences and was incised deeply 5 into the glacial ice. Further downstream, the channel developed into a partly snow-plugged, partly englacial system. The final channel section had a high amount of debris, representative of subglacial environments. A net was installed where the channel reemerged on the surface at the eastern lateral moraine. Reemerging dummies were trapped in the net and recovered.
The second, main experiment was conducted along a 450 m section of a Foxfonna supraglacial channel. The investigation 10 section had a total elevation difference of 30 meters (handheld GPS accuracy of 5 meters) as measured between the start and the end of the channel section. The section included several step-pool sequences as well as rapids and recirculation zones.
The experiments were conducted within this channel section for three principle reasons. First, the purpose of the study was to determine field measurement repeatability, requiring a channel with different morphological features. Second, with only five prototypes, the risk of losing a drifter had to be kept low. Finally, the study of the supraglacial system allowed for the 15 filming of deployments, and this provides a simple and robust evaluation method to compare the sensor data with observed movements of the drifter within the flow. All five drifters were launched from the green marked location on the map in Figure   2 , and were recovered using a marine fishing net, installed at the downstream end of the channel section. A total of 55 drifter deployments with five multi-modal drifters were conducted. 10 deployments were collected in the afternoon of the second field day (05.08.2019 15:52 -17:20 local time) and the remaining 45 deployments in the late evening and night of the fourth 20 field day (07.08.2019 18:53 -23:37 local time). It must be stated that the discharge varied throughout the deployment time, depending largely on weather conditions (sunny, with increased melt on 05.08 and cloudy, rainy, sunny on 07.08). Some of the deployments had slightly varying buoyancy, due to varying balloon inflation, but all deployments on the 450 m section were conducted with a single balloon. Four out of the fifty-five deployments had the drifters connected in tandem with cable ties, to test the variation between the sensor readings of two different drifters passing through nearly identical flow paths. All
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of the drifters were switched on and then left on the ground for at least 30 seconds before deployment and for an additional 30 seconds after successful recovery from the stream and before switching off. This was done to ensure that the drifters had enough time for self-calibration to atmospheric pressure before the deployment and the IMU sensor readings could calibrate and provide constant-value readings, which later serve to mark the start and stop of each deployment. 
Data preparation and processing workflow
All data processing was performed using Matlab R2018b. Corrupted datasets with missing data or faulty sensor readings were removed. In cases where a drifter switched off and back on during a deployment, multiple files were concatenated into a single for the rate gyro.
The statistical analysis evaluated the degree of agreement between individual sensor time series for each deployment to assess the repeatability of the drifter field data. Pearson product-moment correlation coefficients were used to investigate the correlation structure between different sensor modalities, and to assess if the different modalities were dependent or indepen-10 dent variables. In the next step, the empirical probability distributions were investigated together with the statistical moments mean, variance, standard deviation, skewness and kurtosis. Afterwards, the empirical probability distributions of each deployment were compared to the ensemble empirical probability distributions to determine the measurement repeatability. To ensure a robust assessment of repeatability, several criteria were evaluated: chi square distances, mean absolute error, mean squared error, data ranged normalized root mean square and the Kullback Leibler divergence (Kullback and Leibler, 1951) .
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The assessment of the minimum needed sample size to achieve a given precision of each mode (e.g. total pressure, linear acceleration in the x -direction) was done following the equation from Hou et al. (2018) 
where
is the standard normal deviate (e.g. Z 0.975 = 1.96 for the 95% confidence interval), ε is the defined precision, σ is 20 the standard deviation of the population and µ is the population mean. In this study, we defined the sample mean to be within ±10% of the true value (i.e. ε = 0.10), 95% of the time (i.e. Z 0.975 = 1.96). The values for σ and µ were then obtained from the statistical analysis of the time series data from all deployments.
To find potential features in the time-series and to test if the recorded data is varying over time, moving means were calculated over the dataset. The moving means for this study were calculated over a time window of five seconds, as potential signal features were most prominent at this window length, and plotted together with the 95% confidence interval. This was done 
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The surface transport speed was calculated by integrating the acceleration measurements over a rolling time window for the remaining 40 deployments (n=40). The window width was in an initial step randomly chosen for the velocity calculation.
Once the three components of the velocity vector were calculated, we defined the transport speed as the magnitude of the velocity. The transport speed was then compared to the estimated transport velocity, which was found by dividing the transport 15 distance (450 m) by the total travel time of the drifter. The integration window size was then readjusted individually for every deployment, so that it would be within a 10% error threshold from the drifter's estimated transport velocity. By doing so, the individual changes in the observed transport velocity are accounted for. As the acceleration includes rapid changes in rigid body motion, for instance due to impact with the channel walls, we found that integration produced large outliers, which are , were filtered.
Results
Utility rate
In the first experiment, five wooden dummies were deployed in a 2.5 km long supraglacial, partly englacial channel with features of subglacial channels, and four out of five dummies were recovered after 72 hours. The second experiment consisted 
Empirical probability density distributions
Empirical probability density distributions in combination with ensemble statistics allow a simple overview of each dataset, 15 the distribution of a parameter's values and their variability. Figure 4 shows the empirical probability density distributions of all successful deployments (n=40) and all sensor records as well as the IMU calculations for Quaternions and Euler angles.
Additionally, the normal distribution fitted to each dataset is plotted as a red line. Both the visual interpretation of the empirical probability distributions in Figure 4 as well as the mean values in during measurement. This is due to many of the drifters being stuck in the channel for several minutes before they were dislodged and carried further by the current.
The skewness of the distributions indicates the asymmetry of the data around the origin. It therefore assess whether a dataset is symmetric or if it is deviating from a central tendency. The pressures, magnetometer in the y-direction, gyroscope in the 25
x-direction and the Euler angles in both the x-and y-directions are slightly skewed towards values above the mean. The acceleration in the y-direction is more skewed towards positive values due to the orientation (facing down and into the direction of motion) of the drifter as it was advected by the flow. All other sensor readings are more skewed in the negative direction from the mean.
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A kurtosis of value 3 indicates distribution similarity to a Gaussian distribution. The left pressure sensor readings, magnetometer in x-direction and the Euler angles in the y-and z-directions exhibit a kurtosis, which is nearly Gaussian. All other sensor readings were found to be non-Gaussian. The accelerations had high kurtosis values, this can clearly be seen in Figure 4 and is, again, caused by longer periods where the drifters were stranded in shallow regions or stuck within the channel and did not move for several minutes.
The mean values and the standard deviations from Table 3 were used to estimate the required sample size to achieve a precision of the sample mean to be within ±10% of the true value (i.e. ε = 0.10) for 95% of the time (i.e.Z 0.975 = 1.96). The 5 obtained sample size estimates were afterwards multiplied with the utility rates to estimate the required number of supraglacial and subglacial/englacial deployments. The mean pressure values were thereby corrected with the calculated air pressure of 941.8 hPa based on elevation (600 m) and air temperature on 07.08.2018. As Table 4 shows, the required sample sizes are unrealistically high. These high numbers are however not necessarily an indicator of sensor accuracy, but rather an indicator of spatial and temporal flow variability. The lowest required sample size was for the pressure sensors and the magnitude of the 10 magnetometer. The latter should however also be corrected by the value of the local magnetic field strength and the number of required deployments is therefore likely to be higher. 
Statistical evaluation
Distance and similarity measures were used to test the repeatability of the datasets. The probability density distribution of each time series data set was compared with the ensemble probability density distributions of all data sets. Various measures can then give an indication on how much the two compared probability density distributions equal each other, meaning how similar they are. Zero values indicate that the distributions are similar and that the experiment is repeatable. For this study, the Chi 5 Squared Error, the Kullback Leibler divergence (KLD), mean average error, the mean squared error and the data range normalized root mean square were calculated for every sensor modality and direction (n = 40). The results are provided in Table 5 .
The values are generally very low, indicating that the empirical probability density distributions of the single deployments do not deviate much from the probability density distributions of the whole dataset. The highest KLD values are the ones of the right pressure, the magnetometer in x-and z-direction, the acceleration in y-direction and the quaternions in w-direction. The values are however still very close to zero, thus indicating a high repeatability of the drifter deployments.
Pearson correlation coefficients
Calculating 
Moving mean analysis
The moving mean analysis with a 5 second rolling time window filters out all short-term sensor fluctuations and leaves only major signal features, as it can be seen in Figure 6 . The plot shows the records of the two lateral pressure sensors It is clearly seen that the signals of the two lateral pressure sensors are almost identical, creating a redundant signal.
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As the experiments are conducted at atmospheric pressure conditions with only small elevation change over the passage, almost homogenous pressure signals should be expected. The plot in Figure 6 however, shows that the pressure records are displaying distinct variations including sharp peaks, sudden increases and drops. These variations are superimposed on a general increase of the pressure, which might be caused by the increasing atmospheric pressures as the drifters are flowing downhill, as well as increasing water depths in the channel. The 95% confidence interval of the averaged pressure signal can be seen to vary The y-direction refers to the y-direction being aligned with the longitudinal axes of the drifter, which is most often oriented along the flow direction.
The next plot in Figure 8 shows the left pressure together with the magnitudes of the magnetometer, the gyroscope and the 
Velocities
Integrating the three-dimensional accelerations provides the velocities, which were then filtered by taking the mean value over a 5 second window as shown in Figure 9 . The velocities in the x-direction (sideways in the plane of the drifters longitudinal direction, see also Figure 1 ) alternate between positive and negative values as the drifters travel through a meandering channel.
Velocities in the y-direction remained mostly negative and vary between fast and slow zones. The negative values in y-direction 5 are due to the buoyancy adjustment of the drifter. Every drifter had one balloon attached (see right panel, Figure 1 ) to achieve neutral buoyancy. We observed that the currents lead to the balloon flowing slightly ahead and the drifter facing away most of the time, thus leading to negative accelerations and velocities in the y-direction (longitudinal direction of the drifter, see Figure   1 ). In the z-direction (downwards facing from the drifters longitudinal plane, see Figure 1 ) the velocities remained mainly positive and vary between zones with slower and faster flow. 
Signal features of a step-pool sequence
Video footage was taken periodically during the deployments, and supports the interpretation of the sensor records in terms of channel morphological features. Figure 10 shows the moving mean plot (2.5 seconds time window) of the left pressure sensor of one drifter during the passage of a small step-pool sequence, which was corroborated by video footage from the deployment.
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The moving mean plot of the pressure shows a pronounced peak, followed by a drop in the signal for the chosen time period, where the drifter passed over the step-pool sequence. The video footage shows that the drifter was speeding up towards the edge of the step, when the pressure signal increased (Figure 10, A) ). As the drifter flowed over the edge and dropped into the pool underneath, the pressure dropped. Once in the pool, the drifter was caught in a recirculating current and remained in the pool for several seconds. This leads to a drop of the pressure signal, which stagnates at a lower level before increasing again,
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once the drifter leaves the pool and flows onward in the supraglacial channel.
Discussion
Drifter performance
An investigation of a glacial stream using sensing drifters generally seems to require a significant number of deployments, as 30 the values in Table 4 show, to allow for a statistical analysis and to account for drifter loss and technical problems, which are expressed by the calculation of the utility rate. Pressure values will thereby be the easiest to acquire, as they need the lowest number of deployments compared to the much higher deployment numbers for the IMU values. However, the acquisition of flow data with sensing drifters in glacial channels will require an unrealistic amount of time in the field, and the deployment of many drifters simultaneously to reduce field time and the potential for external factors to influence the measurements (e.g. discharge variations). Bagshaw et al. (2012) previously showed that drifter passage through glacial channels can take several 5 days to weeks, which imposes a practical challenge when it comes to acquiring several hundred to several thousand deployments for statistical analysis. In practice, this is likely to mean that the measurements with sensing drifters will only be possible with higher uncertainty thresholds (p < 0.05), as field deployments of several thousand drifters are not realistic. Further technological improvements may significantly decrease the number of necessary deployments, and an updated drifter system will be subject to field testing in summer 2019. The IMU readings hereby give an extra value compared to a platform only equipped with pressure sensors, as they can provide the necessary extra information, which will allow us to further distinguish between different geometrical and morphological features of the flow and the channel respectively.
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Multi-modal drifters with inertial measurement units present a potentially valuable tool to obtain three-dimensional accelerations along the flow path of a glacial channel. The integration of this data allows to obtain three-dimensional velocity estimates along the channel and to obtain transport surface velocities. This allows for a initial, first order of magnitude estimate of the large-scale (> 10 cm) velocity distribution inside glacier channels, offering a large improvement compared to the state of the 30 art, which relies on point velocities at certain locations through boreholes or integrated velocities along the flow path obtained from dye tracing. The velocities obtained from acceleration integration should however be further constrained with field measurements in future studies to deduce the error introduced by the integration. Nevertheless, the average 95% confidence interval of ±24.5% relative to the mean value clearly implies that further improvements are in order.
It can generally be stated, that the proposed multi-modal drifter platform provides satisfactory overall performance considering the supraglacial field experiments at Foxfonna. The utility rate of 73% in supraglacial channels and 58% of the total deployments in englacial/ subglacial channels provides a first, reasonable estimate of how many sensors a practitioner should consider deploying. 
Glaciological implications
This study establishes that multimodal sensing drifters equipped with pressure sensors and an inertial measurement unit present a new tool to obtain repeatable measurements in supraglacial channels. Further field studies are needed to interpret sensor time series to identify specific features corresponding to channel morphological types and flow conditions. The resulting signal features may be used to provide new insights into the dynamics of glacial hydraulics by overcoming the limitations of exist-10 ing technologies, which are typically either restricted to a point location or yield only information integrated over the flow path.
We believe that multimodal sensing drifters can also be of great value for the modeling community by providing input for various models, like subglacial hydrology (e.g. Werder et al., 2013) or supraglacial channel development (e.g. Decaux et al., 2019) . However, additional fieldwork using ground truth velocities as compared to drifter estimates are necessary. Once this is 15 done, other important studies like linking subglacial hydrology measurements to glacier dynamics can be envisaged. Measurements using sensing drifters can be characterized by comparing them with other widely established measurement techniques, such as those listed in Table 6 .
Conclusions
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The proposed multi-modal drifter platform measures the total water pressure, linear acceleration, magnetic field strength and rotation rate while flowing along a glacial channel. The experiments performed during this study showed that the platform used is able to obtain repeatable data in a 450 m supraglacial stream section. The data are not randomly distributed, but rather show distinct features, which after comparison with video footage of the drifters may be associated with changes in the channel morphology and flow characteristics of the flow. Linking distinct signal variations to channel morphology and 25 flow properties may provide further insights into unknown channel geometries, e.g. in subglacial channels. The multi-modal drifter measurements appear however to require a significant number of repeated deployments to yield repeatable statistics at a 95% confidence interval. This is due to a combination of technical problems and potential deployment losses as well as natural flow variability. The latter will always cause the obtained signals to have variations between different deployments, thus contributing to the estimated significant number of deployments for some of the sensor modalities. Lowering the desired 30 error threshold will however lead to fewer necessary deployments. Pressure measurements seem thereby most feasible for flow path feature detection, as they consistently had low error thresholds and high repeatability. The linear acceleration as measured
